and autoimmune diseases 3 . Corticosteroids inhibit the inflammatory response through binding to the glucocorticoid receptor (GR) 4 . The GR is a steroid hormone nuclear receptor 5 , which when bound to corticosteroids, modulates the expression of target genes by binding to DNA sequences containing the glucocorticoid response elements (GRE) 6 . Recent studies, however, suggest that some of the anti-inflammatory effects of corticosteroids occur via non-GRE-mediated effects on prostaglandin synthesis 7, 8 and nuclear factor-κB (NF-κB) activation 9 . Thus, the precise role of nuclear and non-nuclear GR in mediating the immunosuppressive effects of corticosteroids is still unknown.
In cardiovascular disease, corticosteroids exert both beneficial and harmful effects. High-dose corticosteroid therapy protects the myocardium from ischemic injury 10, 11 . However, the subsequent development of cardiac rupture, which has been attributed to the genomic inhibitory effects of GR on wound healing and cardiomyocyte remodeling 12 , has limited the use of corticosteroids in acute myocardial infarction 13 . Indeed, corticosteroids are no longer used in acute myocardial ischemia because of its potential adverse effects on the cardiovascular system; many of which are observed with chronic use and are probably mediated by genomic mechanisms. Therefore, defining the nuclear and non-nuclear actions of GR could have important therapeutic implications; particularly in the development of selective GR modulators, which could distinguish between the beneficial and harmful effects of corticosteroids.
An important endogenous mediator of cardiovascular protection is endothelium-derived nitric oxide (NO) 14 . NO produced by endothelial NO synthase (eNOS) possesses anti-inflammatory, anti-atherogenic and anti-ischemic properties 15, 16 . Transgenic mice overexpressing eNOS show decreased leukocyte accumulation and reduced vascular lesion formation following vascular injury 17 . Conversely, mice with targeted disruption of eNOS (Nos3 -/-mice) exhibit increased vascular inflammation 18 and larger cerebral infarctions 19 following ischemic insult. These studies suggest that factors that increase eNOS activity could have beneficial effects in cardiovascular disease.
in eNOS activity by Dex was significant after 10 min of stimulation and peaked at 30-60 minutes before gradually decreasing at 24 hours (Fig. 1b) . This increase was completely blocked by cotreatment with the GR antagonist, RU486. Furthermore, the activation of eNOS by Dex was inhibited by the PI3K inhibitors, wortmannin and LY294002 and by the eNOS inhibitor, N G -nitro-L-arginine methylester (L-NAME), but not by the transcriptional inhibitor, actinomycin D (Fig. 1c) . These results correlated with changes in NO production as measured by nitrite accumulation (Fig. 1a and c) and were comparable with the effects of other corticosteroids such as corticosterone and hydrocortisol (data not shown). Indeed, the activation of eNOS by Dex correlated with Dex-induced NO-dependent vasorelaxation (Fig. 1d) .
Using a minimal promoter construct containing GRE consensus sequences 6 , we found that Dex induced GRE-mediated gene transcription starting at about four hours after stimulation (Fig. 2a) . Furthermore, relatively lower concentrations of Dex were able to maximally induce GRE promoter activity (10 nM) (Fig. 2b) . The effect of Dex on GRE promoter activity was mediated by the nuclear effects of GR given that RU486, actinomycin D and the RNA polymerase inhibitor 5,6-dichlorobenzimidazole riboside completely blocked Dex-induced GRE promoter activity (Fig. 2c) . However, Dex-induced GRE promoter activity was not blocked by wortmannin. These findings suggest that, in contrast to GRE-mediated effects, the activation of eNOS involves the rapid, non-transcriptional effects of GR.
Activation of PI3K/Akt pathway by corticosteroids PI3K catalyzes the formation of phosphatidylinositol 3,4,5-triphosphate (PtdIns-3,4,5-P 3 ) 20 , which leads to the recruitment of pleckstrin homology (PH)-containing proteins such as phosphatidyl-dependent protein kinases 21 and protein kinase Akt (ref. 22) . Stimulation with Dex increased GR-associated PI3K activity by more than four-fold in a concentration-dependent manner, an effect which was blocked by RU486, LY294002 and wortmannin, but not by actinomycin D (Fig. 3a and b) . As a control, estrogen, which stimulates estrogen receptor (ER)-associated PI3K activity 23 , had no effect on GR-associated PI3K activity (Fig. 3a) , suggesting specificity in steroid hormone receptor interaction with PI3K. Indeed, similarly to ER, GR associates with the regulatory subunit of PI3K, p85α, in a ligand-dependent manner (Fig. 3b) .
To determine whether corticosteroids can activate Akt, we measured Akt phosphorylation and, in turn, the ability of Akt to phosphorylate its downstream target, glycogen synthase kinase (GSK)-3 (ref. 24) . In a delayed manner, Dex increased Akt phosphorylation with peak phosphorylation occurring between 20 and 30 minutes, which was blocked by cotreatment with RU486 (Fig. 3c) . As a control, insulin growth factor (IGF), a known activator of PI3K, rapidly increased Akt phosphorylation within five minutes. Phosphorylation of Akt by Dex was associated with phosphorylation of GSK-3, an effect that was completely blocked by LY294002 and RU486. Furthermore, treatment of endothelial cells with Dex increased Akt activity by three-fold, as measured by a peptide containing Akt phosphorylation consensus sequence (Fig. 3d) 
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sponse to vascular endothelial growth factor (VEGF), insulin and shear stress, has been shown to directly phosphorylate and activate eNOS via PI3K (refs. 25,26) .
Vascular protective effects mediated by PI3K and eNOS
To investigate the physiological significance of Dex on eNOS activity, we studied its effect on ischemia and reperfusion (I/R) injury in mouse cremasteric microvessels. Vascular inflammation following I/R is marked by decreased leukocyte rolling velocity and increased leukocyte adhesion to the vascular endothelium; both processes are inhibited by NO (ref. 27) . This model of vascular inflammation, therefore, is useful in determining whether the activation of eNOS by corticosteroids is physiologically important. Under baseline conditions, leukocytes roll but few adhere to the endothelium of cremaster venules. Treatment with Dex did not affect leukocyte rolling velocity or the number of adherent leukocytes before ischemia. In wild-type mice following I/R, the leukocyte rolling velocity was reduced by 26% (from a mean velocity of 42 ± 3 to 30 ± 2 µm/s; P < 0.05) (Fig. 4a ) and the number of adherent leukocytes was increased by 3.2-fold (from 240 to 578 cells/mm 2 ; P < 0.01) (Fig. 4b) . However, acute treatment with Dex completely prevented the decrease in leukocyte rolling velocity and blocked the increase in leukocyte adhesion following I/R (Fig. 4a and b) .
Treatment with Dex increased NOS activity in the cremaster by 3-fold (Fig. 4c) . However, the expression of eNOS and neuronal NOS (nNOS) was unchanged and the expression of inducible NOS (iNOS) was not detected under these conditions 23 . To demonstrate that the vascular protective effect of corticosteroids was due to increases in NOS activity, the cremasters of Dex-treated mice were superfused with L-NAME during I/R. Cotreatment with L-NAME inhibited Dex-stimulated eNOS activity below basal levels. Following I/R, L-NAME blocked the effects of Dex by decreasing median leukocyte rolling velocity by 25% (Fig. 4a ) and increasing leukocyte adhesion by 2.1-fold (Fig. 4b) . Consistent with these findings, Nos3
-/-mice treated with Dex showed no vascular protective effects compared with control mice as median leukocyte rolling velocity was reduced by 27% and firm leukocyte adhesion was increased by 2.3-fold following I/R. To determine the importance of GR and PI3K in eNOS activation by corticosteroids in vivo, RU486 and wortmannin were adminis- 
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tered to Dex-treated mice. Following I/R, RU486 and wortmannin completely blocked Dex-stimulated cremasteric NOS activity (Fig. 4c) . Furthermore, the median leukocyte rolling velocities were similarily decreased by 35% (Fig. 4a ) and the numbers of adherent leukocytes in both groups were increased by 2.2-fold (Fig. 4b) . Treatment with RU486 alone did not increase NOS activity or have any effect on leukocyte rolling velocity and adhesion compared with control, suggesting that physiological or endogenous levels of corticosteroids had little or no effect on basal cremasteric NOS activity and leukocyte adhesion after I/R. Representative pairs of videomicrographs in wild-type and Nos3 -/-mice for each treatment condition are shown (Fig. 4d) .
Myocardial protective effects mediated by eNOS
To determine whether the beneficial effects of corticosteroids extend to tissue protection, we used a murine model of transient myocardial ischemia to assess whether acute administration of corticosteroids can limit myocardial infarct size, and if so, whether this effect requires eNOS. Transient ischemia was accomplished by occluding the left anterior descending artery (LAD) for 30 minutes followed by reperfusion for 24 hours. Under anesthesia, the baseline heart rate before LAD occlusion was significantly lower in the Dex-treated group than in the control group; however, this difference in heart rate was no longer apparent during and after I/R (Table 1) .
Phthalo-blue staining demonstrated that the size of the region at risk for ischemia was similar for all treatment groups.
However, infarct size as a fraction of risk region was 38% smaller in Dex-treated mice compared with control mice (Table  1 ; Fig. 5a-e) . Dex-treated mice also exhibited decreased tissue edema as suggested by the reduced ratio of LV mass to body weight. The myocardial protective effects of Dex were completely reversed by cotreatment with RU486 or L-NAME, indicating a GR-mediated NO-dependent mechanism. Administration of L-NAME alone, however, had no appreciable effect on infarct size at the concentration used. When NOS activity was measured in heart tissues from similarly treated mice, we found that treatment with Dex increased basal NOS activity by 39%, which was completely blocked by cotreatment with RU486 and L-NAME (Fig. 5f ).
Discussion
Our finding that dexamethasone exerts cardiovascular protective effects is consistent with previous studies showing that acute corticosteroid therapy reduced myocardial ischemic injury in animals 10, 11 and improved short-term survival in humans following acute myocardial infarction 28 . Similar to these earlier studies, we found that pharmacological concentrations of corticosteroids were required to acutely protect the myocardium from ischemic injury, whereas a lower or more physiologically-relevant concentration of dexamethasone (0.2 mg/kg) had no protective effects. Indeed, the peak serum dexamethasone level following high-dose administration corresponded to the concentrations required to maximally stimulate PI3K and eNOS in vitro (data not shown). This concentration is approxia d 5, 6 . These high plasma concentrations of corticosteroids have been observed in patients receiving high-dose corticosteroids for rheumatoid arthritis 29 and congenital adrenal insufficiency 30 . However, it can still be argued whether corticosteroids could be beneficial in the clinical setting of acute myocardial infarction given previous experiences with many adverse side effects, especially when administered chronically.
The extent of myocardial tissue damage resulting from I/R injury is directly related to the extent of the inflammatory response attributed, in part, to leukocyte recruitment 31 . Although the inhibitory effects of corticosteroids on endothelial-leukocyte adhesion have been shown to be mediated by GR (ref. 4) , the mechanism by which GR inhibits endothelialleukocyte interaction is not known. We found that acute administration of dexamethasone induced vascular relaxation in vitro and protected the cremaster microcirculation from I/R injury through a NO-dependent mechanism. Indeed, dexamethasone had no vascular protective effects in Nos3 -/-mice, indicating that eNOS is the NOS isoform mediating these protective effects. Our results therefore suggest that the mechanism by which corticosteroids reduce myocardial infarction size is predominantly through NO-mediated vascular protection.
Although the activation of PI3K and eNOS by corticosteroids requires GR, no GRE-mediated gene transcription is necessary for PI3K activation. This non-transcriptional effect of GR is similar to that of the estrogen receptor ERα, which interacts with and activates PI3K in a ligand-dependent manner 23 . An important downstream target of PI3K is protein kinase Akt, which has been shown to directly phosphorylate and activate eNOS (refs. 25,26) . Indeed, overexpression of a dominant-negative Akt mutant in endothelial cells blocks estrogen-and VEGF-stimulated eNOS activity (refs. 23,26) . Notably, when high-dose corticosteroids were given to animals and humans with acute myocardial infarction, they caused rapid and transient decrease in blood pressure and systemic vascular resistance 10, 32 . It is possible that this previously unrecognized rapid vascular effect of corticosteroids might have been mediated by NO.
Although GR regulates gene expression by DNA-binding 33 , recent studies suggest that many anti-inflammatory effects of corticosteroid do not require binding to GRE (refs. 33, 34) . For example, corticosteroids inhibit prostaglandin synthesis 7, 8 and activation of pro-inflammatory transcription factor NF-κB by non-GRE-dependent mechanisms 9 . Furthermore, transgenic mice expressing a mutant GR (GR Dim ), which cannot dimerize or bind GRE, exhibit intact immunosuppressive responses to corticosteroids 35 . Mice deficient in GR, however, do not exhibit normal anti-inflammatory response to corticosteroids and die shortly after birth due to inadequate lung maturation 36 . Thus, the non-DNA binding effects of GR are necessary for survival and seem to be also important for mediating some of the antiinflammatory responses to corticosteroids.
In summary, the non-transcriptional activation of eNOS by GR represents a physiologically important signaling pathway by which corticosteroids exert their rapid, anti-inflammatory effects. Because NO also has vasodilatory 14 , anti-thrombotic 37 and anti-proliferative properties 16 , the beneficial effects of corticosteroids in cardiovascular disease may extend beyond their anti-inflammatory properties. In addition, by linking GR to PI3K, the biological effects of corticosteroids are considerably broadened since PI3K is known to mediate various cellular functions 20 . It remains to be determined how GR recruits and activates PI3K and whether selective GR modulators, which preferentially activate this pathway, could provide even greater benefits in cardiovascular disease.
Methods
Cell cultures. Human vascular endothelial cells were cultured in phenol red-free Medium 199 (Gibco BRL, Life Technologies, Gaithersburg, Maryland) as described 15 . Steroid hormones and growth factors were removed from FBS by charcoal-stripping. 40 . Aortic rings were exposed successively to a 100 mM KCl-depolarizing solution, and after washout, exposed to cumulative concentrations of phenylephrine (0.1 nM -1 µM). In some studies, aortic rings were immersed in RU486 (1 µM) for 10 min before Dex treatment or in L-NAME (100 µM) for 30 min before phenylephrine treatment. There was no difference in KCl-induced maximal contraction between control and Dex-treated aortic rings, with or without RU486. All of the animal experimentation protocols were approved and performed according to institutional guidelines. PI3K assay. The GR antibody (1 µg, Santa Cruz Biotechnology, Santa Cruz, California) was added to equal amounts of cell lysates (500 µg) in 1 ml of lysis buffer for at least 1 h at 4 °C with gentle rocking. Afterwards, 40 µl of 1:1 Protein A-agarose was added and the entire mixture was rocked gently for another 1 h at 4 °C. The mixture was then centrifuged at 13,000g for 5 min at 4 °C. PI3K activity in the immunoprecipitate was assayed as described 41 .
Akt phosphorylation and kinase assay. Phosphorylation of Akt (Ser 473 ) and GSK-3α/β (Ser 21/9 ) was determined by immunoblotting with specific antibodies that recognize the phosphorylated forms of these proteins (Cell Signaling Technology, Beverly, Massachusetts). The Akt kinase activity was determined using the PKB/Akt kinase assay kit (Upstate Biotechnology, Lake Placid, New York).
Transfection assay. Using the minimal promoter construct, pTAL-Luc, a GRE consensus sequence (5′-GGTACATTTTGTTCTAGAACAAAATGTAC-CGGTACATTTTGTTCT-3′) 6 was inserted upstream of the firefly luciferase reporter (pGRE-Luc, Clontech, Palo Alto, California). Bovine aortic endothelial cells were transfected with pTAL-Luc or pGRE-Luc (4 µg of each) using the Lipofectamine reagent system (Gibco BRL) 39 . The relative luciferase activity (fold induction) was normalized to either β-galactosidase activity (cotransfected pCMV.β-gal) or protein concentration. Cremaster muscle from anesthetized mice was studied by intravital microscopy as described 23 . Ischemia was induced by applying pressure to supplying arteries just sufficient to stop blood flow for 30 min. In some experiments, RU486 (160 mg/kg, i.p.) was given 30 and 10 min before ischemia, and wortmannin (100 nM) or L-NAME (0.1 mM) was applied to the cremaster muscle during the ischemic period only. The pressure was released for reperfusion, and the same vessels were recorded in each animal before and after I/R. The velocities of 25 leukocytes were measured in 8-19 venules per condition before and after I/R. As there is a linear relation between leukocyte rolling velocity and wall-shear rate 43 , rolling velocities were corrected for shear rates. The adhesion of leukocytes was examined in the same vessel before and after I/R. Ischemia and reperfusion model of myocardial infarction. Myocardial infarction was studied in 28-32 g male C57Bl/6 mice by occluding the left anterior descending coronary artery (LAD) for 30 min as described 44 . Mice were injected with PBS (100 µl, i.p., control) or Dex (16 mg/kg, i.p.) 1 h before LAD occlusion. In some experiments, RU486 (140 mg/kg, i.p.) was administered in 2 equally divided doses, 30 min and 10 min before injection of Dex. In other experiments, L-NAME (15 mg/kg, intravenously (i.v.)) was administered 50 min after injection of Dex (that is, 10 min before LAD occlusion). After 24 h of reperfusion, the hearts were perfused with 2-3 ml of 0.9% sodium chloride and 3-4 ml of 1.0% 2,2,5-triphenyltetrazolium chloride (TTC) in phosphate buffer (pH 7.4, 37 °C). After TTC staining, the LAD was re-occluded and the hearts were perfused with 2-3 ml of 10% phthalo blue to define the non-ischemic zone. The left ventricle was cut into 5-7 transverse slices, which were fixed in 10% neutral buffered formalin. Each slice was weighed and photographed from both sides using a microscope equipped with a high-resolution digital camera (DVC-1300, DVC, Austin, Texas). Images were analyzed by computer-assisted planimetry.
